Abstract Human CD133 (human prominin-1), a five transmembrane domain glycoprotein, was originally identified as a cell surface antigen present on CD34+ hematopoietic stem cells. Although the biological function of CD133 is not well understood, antibodies to CD133 epitopes have been widely used to purify hematopoietic stem and progenitor cells. The cancer stem cell (CSC) hypothesis postulates that a rare population of tumor cells possessing increased capacities for self-renewal and tumor initiation is responsible for maintaining the growth of neoplastic tissue. The expression of the CD133 epitopes, AC133 and AC141, has been shown to define a subpopulation of brain tumor cells with significantly increased capacity for tumor initiation in xenograft models. Following the discovery of the AC133/AC141+ population of brain tumor stem cells, the AC133 and AC141 epitopes have been extensively used as markers for purifying CSCs in other solid tumors. There are, however, several issues associated with the use of the AC133 and AC141 CD133 epitopes as markers for CSCs. The antibodies routinely used for purification of AC133 and AC141-positive cells target poorly characterized glycosylated epitopes of uncertain specificity. Discordant expression of the AC133 and AC141 epitopes has been observed, and the epitopes can be absent despite the presence of CD133 protein. In addition, CD133 expression has recently been shown to be modulated by oxygen levels. These factors, in combination with the uncertain biological role of CD133, suggest that the use of CD133 expression as a marker for CSCs should be critically evaluated in each new experimental system and highlight the need for additional CSC surface markers that are directly involved in maintaining CSC properties. The CD133 surface antigen was originally discovered as the target of a monoclonal antibody, AC133, that was generated to bind the CD34+ population of hematopoietic stem cells [1] . To generate the AC133 antibody, mice were inoculated with CD34+ cells enriched from fetal liver, fetal and adult bone marrow, cord blood, peripheral blood, or mobilized leukapheresis, and one hybridoma that secreted an immunoglobulin G1 antibody (AC133) that specifically stained the CD34 bright subset of a fetal liver preparation was isolated [1] . Subsequent fluorescence-activated cell sorting (FACS) analysis revealed that the human retinoblastoma cell line, WERIRb-1, expressed high levels of the AC133 antigen, and this
cell line was used to immunize mice and generate additional AC133-like antibodies. The AC141 antibody was generated by this second immunization. The AC133 antigen was determined to be a glycosylated protein with an apparent molecular weight of 120 kDa [1] . FACS competition experiments indicated that AC133 and AC141 recognize spatially distinct epitopes [1] and immunoprecipitation experiments with tunicamycin-treated cells indicate that both AC133 [2] and AC141 (D.W. Buck, unpublished data) recognize glycosylated structures. To determine the target of the AC133 antibody, immunoaffinity-chromatographypurified AC133 antigen was subjected to digestion and sequencing. Because searches of protein and nucleotide databases at the time did not reveal any sequence similarity to known molecules, degenerate primers were designed based on the recovered protein sequence and used in lowstringency polymerase chain reaction to clone a 1.7-kb fragment containing a continuous open reading frame from a cDNA library [2] . The 5′ and 3′ ends of the putative AC133 cDNA were subsequently isolated, and primers that flanked the start and stop codons were designed and used to clone a 2.7-kb cDNA fragment. COS-7 cells transfected with the cDNA clone produced a product that was detected with the AC133 antibody by FACS and immunoprecipitation analysis. The AC141 antibody binds to a glycosylated CD133 epitope that is spatially distinct from the AC133 epitope [2] .
The cDNA of the AC133 antigen encodes a polypeptide of 865 amino acids (aa) with a predicted size of 97 kDa, which is now called CD133 [2] . The predicted structure consists of an 85 aa N-terminal extracellular domain, five transmembrane domains with two large extracellular loops containing eight potential N-linked glycosylation sites, and a 50 aa cytoplasmic tail (Fig. 1a) . The CD133 protein shares approximately 60% homology with mouse prominin-1, a cell surface protein that localizes to microvilli on the apical surface of neuroepithelial stem cells [3] .
Although they are known to be glycosylated structures, the locations of the CD133 epitopes bound by the AC133 and AC141 monoclonal antibodies (mAbs; commercially available as CD133/1 and CD133/2 mAbs, respectively) have not been determined. Henceforth, we will refer to the epitopes bound by the AC133 and AC141 mAbs as the AC133 and AC141 epitopes, respectively. A summary of CD133-related nomenclature used in this review can be found in Table 1 .
CD133 epitopes as markers for stem and progenitor cell populations
Stem cells are defined by their ability to self-renew and undergo multilineage differentiation. In the original study that identified the CD133 surface antigen, AC133-epitopeexpressing cells selected from bone marrow mononuclear cells were shown to engraft secondary recipients in a fetal 19) is not drawn. The epitope location shown in the diagram is hypothetical, as the exact location of the epitopes bound by AC133 and AC141 has not been described. However, the AC133 and AC141 mAbs are known to bind spatially distinct epitopes. Only one of the epitopes is shown. Cylinders in the diagram indicate transmembrane regions. b Potential for false negative data with AC133 and AC141 mAbs. If nonglycosylated CD133 is present, it will not be detected by the AC133 and AC141 mAbs. c Potential for false positive data with AC133 and AC141 mAbs. Given that the nature of the glycosylated AC133 and AC141 epitopes are poorly defined, it is formally possible that glycosylated epitopes on extracellular molecules other than CD133 could cross-react with the AC133 or AC141 mAbs sheep transplantation model, suggesting that this population has long-term self-renewal capabilities [1] . Subsequently, the AC133 and AC141 mAbs have been shown to be useful reagents for identifying and purifying various stem and progenitor cell populations. For example, vascular endothelial growth factor receptor-2-positive endothelial progenitors are AC133 epitope-positive and AC133 epitope expression is rapidly downregulated during maturation [4] . Downregulation of AC133 and AC141 epitope expression was also observed upon differentiation of the colon carcinoma cell line Caco-2 [5] . AC133+ AC141+ CD34-CD45− cells isolated by FACS from fresh human fetal brain tissue initiated neurosphere cultures, and the progeny of clonogenic cells could differentiate into both neurons and glial cells [6] . Upon transplantation into brains of immunodeficient neonatal mice, the sorted cells showed potent engraftment, proliferation, migration, and neural differentiation [6] . Additionally, AC133+ CD34+ CD3− human fetal liver cells [7] and skin-derived AC133+ cells [8] were shown to be capable of differentiating into astrocytes and neural cells. Finally, a small population of AC133 epitope-positive human prostate basal cells possess high in vitro proliferative potential and can reconstitute a fully differentiated prostatic epithelium in immunocompromised male nude mice [9] . Thus, expression of the AC133 and AC141 CD133 epitopes has proven to be a useful marker for defining and isolating various stem cell populations. The use of CD133 and the AC133 and AC141 epitopes as markers for adult stem cell populations has been reviewed in more detail elsewhere [10] .
CD133 epitope expression defines brain tumor stem cells
It has long been known that not every tumor cell is a tumorinitiating cell. Millions of tumor cells are often required to transplant a new tumor from an existing one [11] [12] [13] . According to the cancer stem cell (CSC) hypothesis, tumors are formed and maintained by a rare population of undifferentiated cells that are characterized by their ability to self-renew and induce tumorigenesis [14] [15] [16] . By identifying, characterizing, and ultimately therapeutically targeting these CSC populations, it is hoped that more effective cancer treatments can be developed. CSCs were initially identified in several hematologic malignancies, e.g., acute myeloid leukemia [17] . The first example of cells with CSC-like properties within solid tumors came from experiments done with human breast cancer cells in which a subpopulation of cells that displayed increased tumorigenicity in a mouse model were isolated using cell surface markers [18] . Soon after this discovery, an AC133 epitopepositive subpopulation of cells with in vitro CSC-like properties (enhanced capacity for proliferation, self-renewal, and differentiation) was isolated from human brain tumors [19] . Later follow-up studies showed that the AC133 epitope-expressing subpopulation from human brain tumors has a dramatically enhanced capacity for initiating tumors in nonobese diabetic-severe combined immunodeficient mouse brains [20] . These AC133 epitope-positive brain tumor stem cells are resistant to chemotherapeutic agents [21] and radiation [22] and express higher levels of mRNA for the ABC transporter, BCRP1, the O6-methylguanine-DNA methyltransferase, markers associated with neural precursors, and negative regulators of apoptosis [21] . The origin of AC133 and AC141 epitope-positive brain tumor stem cells is currently unknown [15] . Because the AC133 and AC141 epitopes are also expressed by normal neural stem cells, it is possible that they are the source of brain tumor stem cells. The AC141 epitope was shown to be present on ependymal cells in the adult human brain, although these cells are thought to be postmitotic [23] . Alternatively, it has been suggested that brain tumor stem cells could derive from AC133/AC141 epitope-positive cells not normally present in adult brains, or from AC133/AC141 epitopenegative neurogenic astrocytes which become AC133/ AC141 epitope-positive during tumor development [23] .
CD133 epitopes as CSC markers in other tumor types
Following the initial discovery of a subpopulation of AC133/AC141 epitope-positive glioblastoma cells with CSC properties [19, 20] , the use of CD133 epitopes as markers for CSCs in other tumor types has been actively investigated. In vitro proliferation assays and in vivo tumor initiation experiments carried out with AC133/AC141 epitope-positive cells isolated from both primary tumors and cancer cell lines have provided evidence for the existence of CD133 epitope-expressing CSC populations in ependymoma [24] , prostate cancer [25] , colon cancer [26] [27] [28] , lung cancer [29] , hepatocellular carcinoma [30] [31] [32] [33] , laryngeal carcinoma [34] , melanoma [35] , ovarian cancer [36] , and pancreatic cancer [37, 38] . A summary of investigations that have used CD133 epitope expression to isolate cells with CSC-like properties is shown in Table 2 . Given the activity and rapid progress in this field, it is likely that more examples of CD133 epitope-expressing CSC populations will be reported.
Signaling pathways involved in the CD133-epitope-positive CSC phenotype Several signaling pathways have been shown to regulate the CD133 epitope-positive cancer stem cell phenotype. Upon irradiation, the DNA damage checkpoint is preferentially activated in AC133/AC141 epitope-positive glioma cells and this activation is dependent on the Chk1 and Chk2 checkpoint kinases [39] . Chemoresistance of AC133 epitope-positive hepatocellular carcinoma cells is dependent on increased expression of proteins involved in the Akt/PKB and Bcl-2 cell survival response [31] . In vitro treatment of glioblastoma cells with BMP4, a transforming growth factor-β family ligand that signals through Smad pathways, reduces the size of the AC133 epitope-positive population and prevents tumor initiation following in vivo transplantation [40] . Finally, the HEDGEHOG/GLI pathway was shown to regulate the proliferation, survival, self-renewal, and tumorigenicity of glioma stem cell cultures [41] . It should be noted that although many of these signal transduction experiments were carried out with isolated AC133/AC141 epitopepositive cells, a direct involvement of CD133 in any of these pathways has not been demonstrated.
Issues concerning the use of AC133 and AC141 epitopes as markers for CSCs
Almost all CD133-related experiments carried out to date have made use of two mAbs AC133 and AC141 which were originally generated to aid in the purification and characterization of hematopoietic stem and progenitor cells and which subsequently led to the identification of the CD133 surface protein antigen [1] . Despite increasing reports of the successful use of the AC133 and AC141 mAbs to identify and purify CSC populations, there are several factors that need to be considered when interpreting these results (Fig. 1) . First, there is very little information available about the molecular nature of the epitopes bound by the two antibodies. The AC133 and AC141 mAbs are widely reported to bind glycosylated epitopes on CD133, but the evidence supporting these claims is not well documented in the literature, consisting of unshown data [2] in the case of AC133 mAb and a brief reference to unpublished data [5] in the case of AC141 mAb. The exact location of the modified amino acid residues on CD133 targeted by AC133 and AC141 mAbs has not been described. Despite the fact that the AC133 and AC141 mAbs are commonly used interchangeably for analysis and cell purification, discordant expression of the AC133 and AC141 epitopes was observed in marrow precursor and peripheral blood stem cells from patients with myelodysplastic syndrome and acute myelogenous leukemia [42] . Additionally, several studies have demonstrated that the AC133 and AC141 epitopes can be downregulated independently from the CD133 protein or mRNA [5, 43] , and the tissue distribution of CD133 mRNA was found to be much more widespread than expression of the AC133 epitope [2] . An additional complicating factor is the presence of alternatively spliced CD133 isoforms. The [38] human CD133 gene contains at least 37 exons spanning 152 kb on chromosome 4, and several alternatively spliced forms of CD133 have been described in both human [44, 45] and mouse [46] . For example, a CD133 isoform (termed AC133-2) lacking exon 4 results in a deletion of nine amino acids in the N-terminal extracellular domain [45] . Interestingly, AC133-2 was shown to be the predominant CD133 isoform expressed on hematopoietic stem cells and presumably recognized by the AC133 and AC141 mAbs [45] . Although currently unknown, alternatively spliced CD133 isoforms lacking the AC133 or AC141 epitopes could exist. Thus, given these complexities, it may be incorrect to call AC133 or AC141 epitope-negative cells "CD133-negative" without proper verification of CD133 protein or mRNA levels. Indeed, it is possible that the glycosylation status of CD133 may be a more specific marker of the CSC phenotype than CD133 protein levels. Another issue is that the AC141 mAb displays crossreactivity with cytokeratin 18 [47] , which could be a complicating factor with fixed cells or cells with damaged membranes such as those in immunohistochemistry studies. In addition, because the nature of the glycosylated epitopes have not been defined (i.e., sugar structure and peptide context), it is formally possible that the AC133 and/or AC141 mAbs recognize glycosylated epitopes on molecules other than CD133. Despite the uncertainty surrounding the target epitopes and specificity of the AC133 and AC141 mAbs, they have nonetheless been extremely useful reagents for CSC research. However, these factors should be kept in mind, particularly when analyzing the results of experiments carried out with "CD133-negative" cells purified with the AC133 and AC141 mAbs. Anti-CD133 antibodies other than AC133 and AC141 that target unmodified extracellular CD133 epitopes are commercially available. For example, the rabbit polyclonal Abs H-284, mouse mAb 32AT1672, and rabbit mAb C24B9 were produced by immunizing with peptides corresponding to predicted extracellular regions of CD133 (Table 3) . Although the use of these antibodies for isolation of CD133-positive cells has not been reported in the literature, they could be suitable for this application. By comparing the results of CSC isolation experiments done with anti-CD133 antibodies that target unmodified extracellular CD133 epitopes to the results obtained with the glycosylation-specific AC133 and AC141 mAbs, it should be possible to determine if there is a correlation between the glycosylation status of CD133 and the CSC phenotype.
Oxygen levels modulate CD133 expression
It has been reported recently that CD133 expression is modulated by oxygen levels in vitro in glioma cultures. Lowering the oxygen tension (from 20% to 2-3%) during the culture of medulloblastoma and glioblastoma cells increased the expression of the AC133 and AC141 epitopes as well as CD133 mRNA levels [22, 48] . Because the oxygen tension in the brain is estimated to be 1-5% [49, 50] and is probably lower in most tumor tissues [51] , these conditions may be more physiologically relevant than normal tissue culture conditions. Prolonged culture of tumor cell lines in the presence of 20% oxygen may therefore lead to a reduction in CD133 expression and could affect the tumor initiation potential of in vitro cultured cells reintroduced to a low oxygen tension in vivo environment. Thus, further studies will be needed to determine if oxygen tension is an important experimental variable in CSC experiments.
CD133-epitope-negative glioblastoma stem cells
Given the potential complex environmental factors affecting CD133 epitope expression in vitro, it is perhaps not surprising that there are conflicting reports in the literature regarding the existence of CD133 epitope-negative glioblastoma-derived cancer stem cells. In two similar studies, cell lines generated from glioblastomas fell into two distinct categories: neurosphere-like, nonadherent, AC133/AC141 epitope-positive cell lines, and adherent or semiadherent AC133/AC141 epitope-negative cell lines [52, 53] . Beier et al. reported that while tumor cells from the AC133/AC141 epitope-negative glioblastoma-derived cell lines have tumorigenicity similar to AC133/AC141 epitope-positive cell lines, AC133-AC141-epitope-negative cells purified from the AC133/AC141 epitope-positive cell lines were nontumorigenic [52] . The expression of CD133 mRNA was confirmed to be very low in the AC133/AC141 epitope-negative cell lines, indicating that expression of CD133 is not required for the CSC phenotype in these cell lines [52] . In this context, it should be noted that many brain tumor cell lines such as U87MG do not express CD133 epitopes [48] but nonetheless form tumors when grafted into immunodeficient mice [54] . In contrast, Gunther et al. [53] reported that AC133/AC141 epitopenegative glioblastoma-derived cell lines were less tumorigenic than AC133/AC141 epitope-positive cell lines. These discrepancies could be the result of experimental differences or reflect variations between individual glioblastoma-derived cell lines. Based on these experiments, it can be speculated that there are at least two types of brain tumor CSCs that vary in their expression of CD133 and/or CD133 epitopes. The first type of CSC population is CD133 epitope-positive. In these cells, there may be a tight link between CD133 epitope expression and the CSC-like phenotype. According to this model, loss of CD133 epitope expression after prolonged periods in culture, possibly as a result of increased oxygen concentrations, would be predicted to be accompanied by a reduction in the CSC-like phenotype. Alternatively, CSC populations that are initially CD133 or CD133 epitopedependent could adapt during prolonged culture and become CD133 or CD133 epitope-independent. Analysis of the tumorigenicity of CD133 epitope-positive glioblastomaderived primary cell lines after prolonged culture in relation to the expression of CD133 and CD133 epitopes could test these possibilities.
The second type of glioblastoma-derived CSC population is CD133-negative. These cells are able to maintain the CSC phenotype without the function of CD133, as reported by Beier et al. [52] . Thus, markers other than CD133 will be required to define this population. Heterogeneity of CSC markers may be a general phenomenon applicable to glioblastoma as well as other solid tumors.
Future prospects
An obvious question that remains unanswered is whether CD133 or its glycosylation status plays a direct role in regulating the CSC phenotype. Although the AC133 and AC141 CD133 epitopes have been extensively used as markers, very little is known about the biological function of CD133. CD133 (human prominin-1) localizes to plasma membrane protrusions in various cell types where it interacts with membrane cholesterol and acts as a marker for a cholesterol-based lipid microdomain [55] . It has been speculated that these membrane microdomains may be enriched in components involved in maintaining stem cell properties, and their loss, perhaps through asymmetric cell division, might promote cell differentiation [56] . Although targeted knockdown experiments have not been performed, a single nucleotide deletion that results in a truncated form of CD133 causes retinal degeneration [57] . Thus far, however, a direct role for CD133 in maintaining the tumorigenic potential of CSCs remains to be defined. Because the anti-CD133 antibodies typically used (AC133 and AC141 mAbs) recognize undefined glycosylated epitopes, the possibility remains that the glycosylation status of CD133, rather than expression of the CD133 protein itself, can act as an indirect marker of the CSC phenotype. Future experiments designed to investigate the function of the CD133 molecule will be needed to clarify this issue. In particular, analysis of the tumor forming capacity of tumor-derived cell lines with AC133/AC141-positive CSC populations following targeted knockdown of CD133 expression would determine if CD133 expression is an absolute requirement for the tumorigenicity of these cell lines. Regardless, it would be desirable to discover additional CSC markers that function directly in maintaining the CSC phenotype.
